Abstract. Fluorescence and UV spectroscopic techniques were used to investigate the interaction of Paeonolum, one of the major bioactive components isolated from the bark of peony plant, with bovine serum albumin (BSA). Results obtained reveal that a binding interaction occurs between paeonolum and BSA under physiological conditions, and the interaction can quench the fluorescence of BSA originating from the complex formation between paeonolum and BSA. In addition, according to the thermodynamics parameters of this interaction process, it appears that this binding interaction is mainly hydrophobic in nature.
Introduction
Serum albumin, the most abundant protein in the circulatory system, has been one of the most extensively studied of all proteins [1, 2] . It's synthesized in the liver, exported as a non-glycosylated protein, and is present in the blood at about to 40 mg·ml −1 [3] . It's not only the major transport protein unesterified fatty acid, but also capable of binding an extraordinarily diverse range of metabolites, drugs, and organic compounds. Many drugs, including anti-coagulants, tranquilizers, and general anaesthetics, are transported in the blood while bound to albumin [4] . This has stimulated much research on the nature of the drug binding sites and investigation of whether fatty acids, natural metabolites, and drags compete with one another for binding to protein. These studies may provide information of structural features, which determine the therapeutic effectiveness of drugs, and become an important research filed in life sciences, chemistry, and clinical medicine. The molecular interactions are often monitored by using optical techniques which are sensitive and relatively easy to use. For BSA, although different compounds have been probes successfully, such as dyes [5] , drugs [6, 7] , and metal complexes [8, 9] , the binding of Chinese herbal active component to protein has seldom been investigated [10] .
Paeonolum (abbreviated as PAL, whose structure was shown in Fig. 1 ), one of the major bioactive components isolated from the bark of peony (Chinese name: mudan, which is the national flower of China) is known to have a range of pharmaceutical properties including sedation, hypnosis, antisepsis, anti-inflammatory, anti-oxidant and so on. However, there are no reports in the literature regarding the interaction of PAL with proteins. In this paper, we report the first study to monitor the interaction between PAL and BAS using optical techniques under physiological conditions. 
Materials and methods

Materials and instruments
Bovine serum albumin (BSA) was purchased from Sigma Company, it was dissolved in the buffer solution containing 0.9% NaCl, and kept in the dark at 4 • C. Paeonolun was purchased from National Institute for Identification of Pharmaceutical and Biological Products. NaCl (analytical grade, 0.9%) solution was used to maintain the ion strength. The buffer solution consists of Tris (0.2 mol l −1 ) and HCl (0.1 mol l −1 ), and the pH was adjusted to 7.40 by adding 0.5 mol l −1 NaOH.
The absorption spectra were recorded on a TU-1901 spectra-photometer (Beijing) and the fluorescence spectra were recorded on a Perkin Elmer LS-50B spectrofluorophotometer (USA).
Experimental methods
BSA solution was transferred into a 10 ml volumetric flask, then the PAL operating solution was added in different amounts to the flask. The mixture was diluted to a certain volume with doubly distilled water, and mixed thoroughly. After 15 min the samples were detected by the absorption spectra-photometer and the spectrofluorophotometer.
Results and discussion
UV absorption spectra
In the region of 200 nm to 300 nm, BSA has two characteristic absorption bands with absorption maxima at 206 nm and 278 nm respectively (Fig. 2) , and the main absorption peak is at 206 nm. After adding PAL, notable changes in the absorption spectrum of BSA were observed. Two absorption peaks shifted to longer wavelength slimly, and absorption intensities decreased greatly. The results indicated that there is one binding interaction occur between BSA and PAL. Figure 3 shows the emission spectra of BSA in the absence and presence of PAL. As can be seen from Fig. 3 , BSA has strong fluorescence emission with a peak at 347 nm on excitation at 278 nm, and its fluorescence intensity decreases in the presence of PAL. The results indicated that there were strong interactions between the PAL and BSA, it is consistent with the conclusion of absorption spectra. 
Fluorescence spectra
Fluorescence quenching is usually divided into dynamic quenching and static quenching. Dynamic quenching is the interaction between quencher and fluorophore at excited state. Their interactions obey the Stern-Volmer equation:
where F 0 and F are the fluorescence intensities in the absence and presence of PAL, respectively.
[Q] is the concentration of PAL and K SV is the Stern-Volmer quenching constant. K q is the quenching rate constant of the biomolecule, and τ 0 is the average lifetime of the biomolecule without quencher. When quencher can form the non-fluorescence complex with fluorophore which is at the ground state, the fluorescence quenching mechanism of this process is static quenching. Generally, the temperature is often used to differentiate between dynamic quenching and static quenching. The quenching constants decreased with increased temperature for the static quenching, and the reversed effect was observed for the dynamic quenching. In order to illustrate the fluorescence quenching mechanism of BSA by PAL, the fluorescence intensity data was analyzed according to the Stern-Volmer equation by plotting F 0 /F versus the PAL concentration [Q] at 290 K, 300 K, and 310 K respectively (see Fig. 4 and Table 1 ). It can be obviously observed that K SV decreases while the temperature increasing, therefore, the fluorescence quenching mechanism is static quenching. Furthermore, the life time of the fluorescence is 10 −8 s [11] , and the biggest collision quenching rate constant is 2.0 × 10 10 l mol −1 S −1 [12] . With the help of K SV obtained from experiment and Eq. (1), K q can be calculated, and its value is much bigger than 2.0 × 10 10 l mol −1 S −1 . As a result, it can be further illustrate that the fluorescence quenching mechanism is static quenching also. Table 2 together with correlation coefficients. From Table 2 , it can be observed that temperature has almost no influence on n, and the average binding sites number n is one.
Binding sites number
It is shown that the binding between PAL and BSA is remarkable and the effect of temperature is small. Thus, PAL can be stored and removed by the proteins in the body. 
Binding mode
The action force between a drug and a bimolecular may include hydrogen bonding, Van der Waals force, electrostatic force and hydrophobic interactions. Because the temperature effect is very small, the interaction enthalpy change can be regarded as a constant if the temperature range is not too wide. Therefore, from the following equations,
where ΔH, ΔG and ΔS are enthalpy change, free energy change and entropy change respectively. These thermodynamics parameters are calculated from the linear relationship between ln K and the 1/T (Table 3 , Fig. 6 ). ΔH and ΔS of the binding interaction between PAL and BSA are calculated to be −6.8655 kJ mol −1 and 74.34 J mol −1 K −1 . Because enthalpy change ΔH < 0 and entropy change ΔS > 0, the acting force, which result in the form of the non-fluorescence complex, are mainly a hydrophobic interaction [10] . 
The binding distance between PAL and BSA
According to the Főrster's theory [14] , the efficiency of energy transfer, E, is given by:
where r is the donor-acceptor distance and R 0 is the distance at 50% transfer efficiency.
where K 2 is the orientation factor between the emission dipole of the donor and the absorption dipole of the acceptor. The dipole orientation factor, K 2 , is the least certain parameter in calculation of the critical transfer distance, R 0 . Although theoretically K 2 can range from 0 to 4, the extreme values require very rigid orientations. If both the donor and acceptor are tumbling rapidly and are free to assume any orientation, then K 2 equals 2/3 [15] . If only the donor is free to rotate, then K 2 can vary from 1/3 to 4/3 [16] . The validity of assuming a value of 2/3 has been discussed often [17] [18] [19] . Therefore, K 2 = 2/3 was used for the dynamic averaging of relative donor-acceptor positions in the PAL-BSA system; n (=1.4) is the refractive index of medium [20] , φ is the fluorescence quantum yield of the donor (its value was taken as 0.10 [21] ) and J is the overlap integral of the fluorescence emission spectra of the donor and the absorption spectra of the acceptor. J is given by:
where F (λ) is the fluorescence intensity of fluorescence reagent when the wavelength is λ. ε(λ) is the molar absorbance coefficient at the wavelength of λ. From these relationships, J, E and R 0 can be calculated; so the value of r also can be calculated, where J = 1.2472 × 10 −14 cm 3 l mol, R 0 = 3.36 nm, r = 5.01 nm. Figure 7 is the overlap of the fluorescence spectra of BSA and the absorption spectra of PAL when the molar ratio is 1:1. For BSA, it has two tryptophan residues: Trp-214 is located in a hydrophobic fold and the additional tryptophan (Trp-135) is located on the surface of molecule. In this paper, PAL is probably bound to Trp-214 residue mainly through the hydrophobic interaction according to the thermodynamic results. However, interaction between the Trp-135 and PAL cannot be precluded, so the distance calculated here is actually the average value between the bound PAL and the two tryptophan residues in BSA.
Conclusions
Above results indicated that paeonolum can quench the intrinsic fluorescence of BSA though binding to BSA with high affinity, and the quenching mechanisms is static quenching. In addition, the standard enthalpy change (ΔH) and the standard entropy change (ΔS) of this interaction process were calculated to be −6.865 kJ mol −1 and 74.34 J mol −1 K −1 , which indicated that hydrophobic forces played major role in the interaction between PA and BSA.
